The subject of this paper is a framework that represents a new approach of information technology in the area of Systems Engineering. This framework enables us to specify, design, engineer, produce and maintain complex capital facilities, e.g. ships and infrastructure in an e xplicit and consistent way. The f ramework supports the needs of Systems Engineering according to ISO 15288 for unambiguous and explicit communication about such a fa cility between project participants, stakeholders, disciplines etc. during all life cycles by introducing an ontology for Systems Engineering. This ontology, derived from the data integration standard ISO 15926, faci litates interoperability, increases efficiency and reduces failure cost. The ontology in this paper enables model-based Systems Engineering and specifically describes a model-based approach of system breakdown structures on process level and on physical level by means of process functions, the Functional Object paradigm and a new approach of interface management by means of the port-interaction theory. The work presented in this paper is part of ongo ing PhD-work by the author carried out at D elft University of Technology in the Netherlands.
Introduction
Many experiences of the author with a number of large-scale infrastructure projects in the Netherlands show that acquirers struggle with writing an adequate project specification in such a way that it describes the needs of the client and stakeholders in an explicit, consistent and sufficiently "solution-free" way. Due to the highly fragmented nature of the industry [1] the main contractor is usually represented by a consortium formed for the occasion, existing of a combination of contractors and/or suppliers. These kinds of consortiums show a lack of enterprise interoperability which proves to be one of the major reasons for the inability to accomplish these major infrastructure projects in an adequate manner [1] . The reason for this can be traced back to the fact that in general several consortium partners are responsible for the design process, but each of them is on a different maturity level concerning data, service and processes [10] , which leads to inadequate information exchange and communication. In general the total failure cost that comes with projects in the capital facility industry is approx. 15% of the capital expenditure [1] . The specification issue mentioned before, in combination with the lack of interoperability is responsible for approx. 30% of these failure costs [14] . A way to achieve more interoperability and therefore less failure costs would be to have an agreement on a common and shared set of terms and their meaning between all parties involved, including the client and stakeholders. In practice, however, each enterprise has its own "languages" and methods for processing information during e.g. design of the system. Wittgenstein has already shown us that natural language and intention are inseparable (which leads to human communication errors). He stated: "Without a common frame of reference as an anchor, verbal chaos is a certainty without intellectual means to peacefully resolve conflicting differences." [12] This statement of Wittgenstein pinpoints exactly the source of the failure costs of the mentioned infrastructure projects. A common frame of reference for a certain domain or context these days is known as an ontology. ISO 15926 defines an ontology as: "A formal representation of a set of concepts within a domain and the relationships between those concepts" [5] . ISO 15288 (System life cycle processes) [4] describes "by means of a natural language on a high abstraction level a set of processes which are applicable in a wide range of applications and needs in general tailoring for a specific domain and or project." To enable the usage of the ISO 15288 in a proper way there is an urgent need to transform this standard into consistent, explicit and unambiguous process descriptions by means of a specific ontology. This is the only way to let involved parties communicate about Systems Engineering in an explicit way and will allow different ISO 15288 implementations to become interoperable and reusable.
Ontology for Systems Engineering
Wittgenstein said: "The world consists of a totality of interconnected atomic facts" [12] . Internet technologies like RDF [15] are also based on the principle that in the real world everything can be described by means of facts. A fact in this context always follows the same pattern: Object-Relation-Object (e.g. MyCar is a whole for left front wheel; MyCar has property length; MyCar is owned by Leo Jansen). A fact is: 'that which is the case', independent of language. The concept 'fact' can be used to classify things as 'being the case'. By using facts each sentence or specification can be broken down into basic statements with the consistent and simple pattern mentioned before. A fact must be accompanied with a certainty and intention as metadata to pinpoint the characteristic of the fact. An analysis by the author of the kinds of relations that are used in the world of Systems Engineering revealed that there are only a limited number of relation types needed to describe the system life cycle processes in an explicit way. The relationships are defined by providing a linguistic definition, predefined allowed right-hand concepts, and predefined allowed left-hand concepts of the taxonomy used. To build an ontology one needs a taxonomy of concepts (dictionary) and a set of defined relationships (grammar) [6, 7] . The root elements of the taxonomy that is used in the described ontology are derived from the ISO 15926 data model. The relationships are a selected sub-set from the Gellish taxonomy of relationships [6] . By defining for each relationship which root element is allowed on the right hand side and the left hand side of the predicate to create a meaningful fact, applications can filter for allowed concepts and validate models. The resulting scheme presented in figure 1 can be called the top layer of an ontology. It enables the modeling of Systems Engineering processes, defining all the entities that are addressed in these processes and the information structure. Based on this principle, one can communicate in an explicit and unambiguous way about these processes. Figure 1 presents a meta-model that can be used for creating information models in general and for Systems Engineering in particular. The principle is that every fact related to a system consists of two engineering concepts, which both are a subclass or instance of one the basic concepts (table in the This approach and the relation set as shown in figure 1 is also the subject of ISO 15926 part 11 [5] . 
The process side versus physical side of a system
To achieve an ontology applicable for Systems Engineering, the following approach of defining systems is used in the context of this paper and based on experiences of the author in several building and construction projects in the Netherlands:
A system always starts with an objective (block 1 in figure 2 ), which can relate to something completely new or to a change in an existing system. There is at least one objective for the (target) system and one objective for the (enterprise) system which realizes the target system.
Once there is an objective, the system life cycle processes (e.g. the operation process or the design process) start working to achieve the objectives); "Achieving an objective can be realized by performing one or more activities in the context of a process" [2] (block 2 in figure 2 ). The next step is to define the process conditions which must be present to let the processes perform in such a way that the objectives will be achieved (block 3 in figure 2 ).
Next, process functions that will realize these conditions must be defined. It is customary to express a function in a combination of a verb and a noun to pinpoint the function [2] (block 4 in figure 2 ). 
Physical System Breakdown Structure
When a system is designed, in the areas of shipbuilding and infrastructure the composing Functional Objects are usually known ("off the shelf" objects). Most of the systems will be an arrangement of known concepts like pumps, camera's, doors, barriers etc. The resulting issue is to select the right principle or technology to realize the Functional Object and to define the aspects that come with the selected principle (which still gives ample opportunity to be innovative). The background of the concept "Functional Object" can be traced back to the development of the ISO 10303 standard, specifically the GARM [13] . This concept makes a clear distinction between a certain abstract object (represented by e.g. a symbol on a P&ID drawing) and the materialized version of it (as delivered by a supplier and installed in place). The Functional Object can be seen as representing the requirements (for all relevant aspects, including functional, safety, esthetic and maintenance requirements). A Functional Object captures a "design problem" and in principle "exists" as long as the life cycle of the total system lasts. The Technical Solution can be seen as the principle or technology that can be chosen or even as a tangible piece of equipment with a set of characteristics, which together fulfill all the requirements of the Functional Object.
The selected Technical Solution can be replaced more than once during the life cycle of the total system. This is consistent with the integral design theory of Kroonenberg [3] . Thinking in Functional Objects during the process of designing a system is much easier than thinking in functions with the need to map them consistently to elements of the physical object breakdown. To be able to work out a Failure Mode and Effect Analysis (FMEA) of a system it is still needed to identify what in this paper are called system functions, which contribute to process functions of the system. So Functional Objects do have one or more "system functions" as feature. This approach mitigates the problem that Kroes formulates relative to the formalization of technical functions because of the abstract and subjective character of functions and the difficulty of human to deal with and especially to communicate about functions [9] . A Functional Object e.g. an "engine" can interact with other Functional Objects, its environment or stakeholder by means of four types of ports: material ports (fluids, gasses etc.), energy ports (electrical, thermal), information ports (data, voice and video) and 3D/mechanical ports (mounting, space, force).
With these four types of ports all interactions between all physical elements of a system can be modeled.
In this way the integrated design as a product and operation of a system can be modeled and made explicit and therefore manageable. On the materialized level ports are also related to a principle for a specific port e.g. an electrical connector, or IT interface. The physical System Breakdown Structure (SBS) in the context of this framework is a "hybrid" one: in one and the same system decomposition the functional objects and the chosen principles are presented and one can follow the development of a system in a natural way from being abstract to being concrete (materialized). In general a breakdown of a system 
Conclusion
This paper aimed at giving some characteristics of projects in the construction area, specifically in shipbuilding and infrastructure. The main problem with these projects lies in the fact that, even though the used technology itself is not very complicated, the process of engineering and realization is complex. This is caused by the number of involved parties, the fragmentation of the total system life cycle and by the wide variety of types of system objects to handle, varying from subjective and abstract to objective and concrete. One major step to improve the project environment would be the availability of a common framework based on Systems Engineering including an ontology defined by standardized information models as presented in this paper to support the Systems Engineering processes. Project organizations would then be much better at setting up an adequate project management system, using this framework.
This would prevent verbal chaos between the various parties' corresponding competence profiles involved
in such a project. This paper has presented an approach on how to set up such a framework, based on standards that are generally available and on the use of the ontology paradigm which result in a practical way of model-based Systems Engineering.
Work remains to be done on the implementation of the presented framework in a user-friendly information management environment. Implementing a framework as described in this paper requires executive management support and project leaders and engineers with adequate skills and competences to handle abstract and subjective matters that come with working with a taxonomy and ontology.
